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Abstract 
Sub-harmonic stability issues due to the interaction between a load-commutated motor drive and a 
synchronous turbo-generator train in a Liquefied Natural Gas (LNG) station are studied in this paper. The 
sub-harmonic current injected by motor drives may excite the mechanical torsional modes of turbo-
generator train. In this paper, the electro-mechanical interaction phenomenon is investigated and an active 
damper is proposed to absorb the sub-harmonic currents of motor drives and increase the damping of the 
electro-mechanical system. Simulations and experiments validate the instability problem and effectiveness 
of the proposed solution.  
1. Introduction 
The necessity of high reliability and availability for industrial customers enforces them to install individual 
Distributed Generations (DGs) to support their plant. DGs can decrease the dependency of a plant on the 
utility grid as well as increasing the availability and efficiency of the power systems. Furthermore, 
microgrid technologies make an infrastructure to fulfill a reliable operation for grid-connected and islanded 
power systems by integrating local DGs and loads. The main challenge of a microgrid plant is to operate 
the system in the islanded mode especially in presence of synchronous generators and power electronic-
based loads. Stability issues can significantly affect the overall system availability and hence may increase 
system operation costs.  
Harmonic stability is the most common stability problem which Power Electronic-based Power Systems 
(PEPSs) are facing. So far, some research studies have been done to investigate, model and mitigate the 
harmonic stability in PEPS [1]–[5]. Most research studies focus on electrical resonance issues, i.e., 
resonance between grid lines and capacitors. Modeling techniques and passive/active mitigation methods 
have been presented in [1]–[3].  
Aforementioned studies have been presented for power electronic based sources. However, synchronous 
generators, especially gas turbo-generators are still main part of industrial plants like Liquefied Natural Gas 
(LNG) stations. Including synchronous turbo-generators in a PEPS introduces new challenges by making 
interactions between power converters and conventional generators. Harmonic stability issues can be one 
of those problems, which is most feasible and may affect the system availability especially in the islanded 
mode of operation. In fact, a turbo-generator train in a synchronous generator have some mechanical 
torsional modes, which can be excited by any disturbance with a frequency close to the torsional 
frequencies. On the other hand, operating motor dives with different frequencies can induce harmonics and 
sub-harmonics to the gird in some rotating speeds [6], [7]. If the injected sub-harmonics is equal to one of 
the torsional frequencies, the mechanical system starts vibrating. This interaction between electrical grid 
and mechanical system is a kind of harmonic stability in an electro-mechanical system.  
The torsional interactions between a turbo-generator train and variable speed drives have been presented in 
some studies [8]–[10]. In [11], damping of torsional vibrations with thyristor-controlled converters have 
been reviewed. In [12], simulation of torsional vibrations in an LNG plant has been studied, and two 
solutions to overcome the torsional instability have been presented including adding a resistive load, and 
modifying the turbine shaft to change the natural frequencies. None of these solutions sounds to be 
economical or practical. In [13], an active damping circuit is presented to overcome the torsional vibrations, 
where the reference of the control unit is taken from the shaft torque oscillations, and its sub-harmonic 
components are extracted with band pass filters. Since the reference signal is driven from the mechanical 
signals, the dynamic response and performance of the control approach is not appropriate. In this paper, an 
active damper based on an adaptive active filter is proposed in order to absorb and increase the damping of 
the electro-mechanical vibrations. Hence, the proposed approach improves the system stability in terms of 
electro-mechanical interactions. In the following the stability problem and proposed solution are explained. 
2. Electro-mechanical Interaction Phenomenon 
The electrical network of the LNG plant in this study is shown in Fig. 1 including a 26.25-MVA synchronous 
gas turbo-generator and two 8 MW gas compressors with variable speed drives. Furthermore, four harmonic 
filter banks (5th, 7th and 2×11th harmonic filters) are connected to the compressors terminal to compensate 
the harmonic currents of compressor drives. Also, the plant is supplied through the utility at 63 kV. In an 
islanded mode, the generator must supply the active and reactive power of the compressors with higher 
availability.  
The whole control system of the generator including excitation and governor system as well as mechanical 
system of turbo-generator train is completely modeled in the PSCAD/EMTDC software. The compressors 
drives as shown in Fig. 1 are Load Commutated Inverters (LCIs) feeding 6-phase synchronous motors. The 
block diagram of the compressors control system is shown in Fig. 2. The plant is modeled based on the 
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Fig. 2:  Control structure of synchronous compressor drive. 
 
Table 1: Synchronous generator electrical parameters. 
Values Generator Parameters 
26.25 Rated power (MVA) 
6.35 Rated line to line voltage (kV-rms) 
0.04 Armature resistance (pu) 
0.278 Armature time constant (s) 
1.65 Unsaturated reactance [Xd] (pu) 
0.26 Unsaturated transient reactance [X’d] (pu) 
11.073 Unsaturated transient time constant (open) [T’do] (s) 
0.15 Unsaturated sub-transient reactance [X’’d] (pu) 
0.0326 Unsaturated sub-transient time constant (open) [T’’do] (s) 
1.6 Unsaturated reactance [Xq] (pu) 
0.223 Unsaturated transient reactance [X’q] (pu) 
0.35 Unsaturated transient time constant (open) [T’qo] (s) 
0.159 Unsaturated sub-transient reactance [X’’q] (pu) 
0.1717 Unsaturated sub-transient time constant (open) [T’’qo] (s) 
 
Table 2: Synchronous compressor electrical parameters. 
Values Generator Parameters 
8 Rated power (MW) 
6 Number of phases 
2×2.4 Rated line to line voltage (kV-rms) 
1800 Speed (RPM) 
0.0028 Stator resistance (Ω) 
0.334 Rotor resistance (Ω) 
0.123 Unsaturated reactance [Xd] (pu) 
0.013 Unsaturated transient reactance [X’d] (pu) 
2.952 Unsaturated transient time constant (open) [T’do] (s) 
0.0075 Unsaturated sub-transient reactance [X’’d] (pu) 
0.019 Unsaturated sub-transient time constant (open) [T’’do] (s) 
0.117 Unsaturated reactance [Xq] (pu) 
0.0081 Unsaturated sub-transient reactance [X’’q] (pu) 
The turbo-generator train contains a gas turbine coupled through a gear-box (5109 RPM/1500 RPM) to the 
synchronous generator. The lumped component model of the turbo-generator train is shown in Fig. 3(a) 
with 18 lumped masses. Based on generator datasheet, these 18 masses have two torsional frequencies 
under 50 Hz, i.e. 11.5 Hz and 33.9 Hz. As just the 11.5 Hz mode is excited in the LNG plant according to 
the mechanical measurements. Hence, in this study, the mechanical train has been modelled as 2-mass – 
one spring system which has the same frequency and mode shape as the one given for the 18-mass model 
at 11.5 Hz torsional mode. The corresponding mode shape given in datasheet is shown in Fig. 3(b) and the 
equivalent 2-mass model is shown in Fig. 3(c) implying the same behavior in the 11.5 Hz torsional 
frequency. Furthermore, the equivalent moment of inertia for each masses and spring stiffness constant is 
given in Table 3.  
According to [6], [7], power converters can inject sub-harmonics to the grid depend on the frequency of the 
ac grid and motor side. The injected frequencies, fac, to the ac side can be found as fac = (6k2 ± 1)fm ± 6k1fs, 
where fs and fm are the ac grid and motor frequency, k1 = 0,1,2,… and k2 = 0,1,2,… [14]. Thereby, the 
injected frequencies may stay under synchronous frequency, i.e., fs, which can excite the torsional modes 
of turbo-generator train if the amplitude of the injected component and hence the resultant torque on the 
rotor shaft is high enough. In the studied LNG plant, in practice, the generator can properly operate with 
one compressor, while small vibrations appear on the shaft. However, starting the second compressor causes 
higher mechanical vibrations activating the mechanical relay on the journal bearing. Since the system has 
enough damping for operation of one compressor, however, insufficient damping for two compressors, the 
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Fig. 3:  Torsional model of the turbo-generator train: (a) lumped model, (b) 1st torsional mode shape (11.5 Hz) implying 
participation of different parts of turbo-generator, and (c) equivalent mode shape of 1st torsional mode. 
Table 3: Equivalent two-mass system model (mass-spring model) for turbo-generator train. 
Value (SI) Equivalent parameters 
14081.19 Moment of Inertia for mass1 [J1] 
2067.47 Moment of Inertia for mass2 [J2] 
9202765 Spring Constant (Stiffness) [K12] 
11.5 Natural frequency 
3. Proposed Adaptive Active Damper  
In order to absorb the sub-harmonic currents of compressors, and hence, adding enough damping to the 
electro-mechanical system, an active damper is proposed as shown in Fig. 4. Since the instability occurs 
during starting the second compressor, the active filter control system should have a fast enough dynamic 
response. Hence, an adaptive filter [15] is employed to extract the 38.5 Hz components of the compressors 
current. Furthermore, as shown in Fig. 4, a hysteresis modulation technique is employed to further increase 
the system dynamic response.  
4. Simulations and Experiments 
During the experimental tests and simulation, the plant is operated in the islanded mode. Two Hioki 3196 
power analyzers are installed in the ac terminal of synchronous generator and compressors. Furthermore, 
one vibration data analyzer STD-3300 is installed on the turbo-generator gearbox in order to measure the 
mechanical oscillations. The recorded data during test is reported in Fig. 5 and Fig. 6.  
Fig. 5(a) shows the terminal voltage of generator before tripping, where it includes around 11.5 Hz envelope 
over the fundamental 50 Hz voltage signals. Furthermore, the compressors currents before generator 
tripping is shown in Fig. 5(b). This current waveforms contain fundamental frequency, 5th, 7th and 11th 
harmonics of motor drive and 11.5 Hz envelope. Following Amplitude Modulation (AM), if the amplitude 
of an ac signal, sin(ω1t) is modulated by another ac signal, sin(ω2t) with an amplitude of modulation equal 
to A, the signal will be appeared as sin(ω1t)(1+ A.sin(ω2t)). The Fourier spectrum of this signal consist of 
components with the frequency of ω1, ω1+ω2, and ω1–ω2. Therefore, the harmonic spectrum of generator 
voltage and compressors current contains the frequency of 50 Hz, 50–11.5=38.5 Hz, and 50+11.5=62.5 Hz. 
The FFT spectrum of ac current of compressors during generator tripping is shown in Fig. 6(a) implying 
the presence of 38.5 Hz component over the fundamental frequency in the ac currents. Moreover, the 
vibration on the turbo-generator gearbox during trip is shown in Fig. 6(b) indicating that before tripping the 
amplitude of the sub-harmonic component is very small. However, close to the tripping point, this 
component amplitude is growing, and finally, the corresponding mechanical protection relay on the journal 
bearing stops the turbo-generator.  
Different tests illustrate that the generator is tripped due to the operation of the mechanical relay on the 
journal bearing with the frequency of 11.5 Hz. Furthermore, electrical measurements on the ac side indicate 
the presence of complementary component of torsional frequency of 11.5 Hz (i.e., 50 – 11.5 = 38.5 Hz) on 
the ac voltage and current waveforms. Therefore, the mechanical torsional mode of 11.5 Hz is excited by 



















Fig. 4:  Control block diagram of the proposed active damper; (a) adaptive filter for extracting sub-harmonic components – 







Fig. 5:  Measured experimental results: (a) generator voltage, and (b) compressors current before filter banks containing 11.5 Hz 































Fig. 6:  Measured experimental results: FFT spectrum of (a) compressors current before the trip, and (b) gearbox lateral 
vibrations. 
 
In order to compensate the subharmonic components of compressor currents, an active filter is designed. 
The dynamic performance of the active filter is shown in Fig. 7. As it can be seen, the 38.5 Hz component 
of compressor current is appropriately extracted from the fundamental component. This current is employed 
as the reference current of active filter to absorb the sub-harmonic component of compressor current and 
prevents flowing it to the generator side.  
The simulation results without and with the proposed active damper are reported in Fig. 8 and Fig. 9. The 
first compressor is started at t = 10 s, and 5th, 7th and 11th harmonic filter banks are started 5 s after first 
compressor. As shown in Fig. 8(a) and Fig. 9(a), the rotor torque has converged, and hence, it is stable. 
However, the second compressor is started at t = 30 s, and another 11th harmonic filter bank 5 s after the 
second compressor. The rotor torque wave in Fig. 8(a) shows that the system is not stable. Moreover, the 
harmonic spectrum of compressors current shown in Fig. 8(b) implying the presence of 38.5 Hz component 
in ac side. This frequency is the complementary component of turbo-generator torsional frequency. 
However, as shown in Fig. 9(a), employing the proposed active filter can appropriately absorb the sub-
harmonic components and provides a stable operation condition. The harmonic spectrum of the 
compressors current shown in Fig. 9(b) illustrates the elimination of the 38.5 Hz sub-harmonic component. 
Hence, the natural frequency of turbo-generator train is not excited and system is stable.  
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Fig. 8: Mechanical torque (per unit) on rotor shaft without active damper: (a) rotor torque (b) harmonic 
spectrum of compressors current. 
(b) Frequency (Hz)
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Fig. 9:  Mechanical torque (per unit) on rotor shaft with active damper: (a) rotor torque (b) harmonic 
spectrum of compressors current. 
5. Conclusion 
In this paper, the sub-harmonic stability issues due to the electro-mechanical interaction between 
compressor motor drives and turbo-generator train in an LNG plant is investigated. The natural torsional 
frequency of turbo-generator may be excited by the sub-harmonic currents injected by the compressors due 
to the lack of enough damping in electro-mechanical system. The proposed active damper appropriately 
absorbs the sub-harmonic currents of compressors and provides sufficient damping to the electro-
mechanical system. Hence, stable operation can be achieved in the islanded mode of operation. 
Experimental tests validate the electro-mechanical interaction phenomenon in the system and simulation 
results validate the effectiveness of the proposed approach.  
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